The petrological, geochemical, and mineralogical composition of the Carboniferous-Permian coal deposit in the Jungar coalfield of inner Mongolia, Northwestern China, were investigated using optical microscopy and field emission scanning electron microscopy in conjunction with an energy-dispersive X-ray spectrometer (SEM-EDX), as well as X-ray powder diffraction, X-ray fluorescence, and inductively coupled plasma mass spectrometry. The Jungar coal is of high volatile C/B bituminous quality with 0.58% vitrinite reflectance and has a low sulfur content of 0.70% on average. Inertinite (mineral-free basis) generally dominates in coal from the lower part of the Shanxi formation, and vitrinite is the major maceral assemblage in the coal from the Taiyuan formation, which exhibits forms suggesting variation in the sedimentary environment. The Jungar coal is characterized by higher concentrations of copper (Cu) in No. 6 coal, at 55 µg/g, and lead (Pb) in No. 4 coal at 42 µg/g. Relative to the upper continental crust, the rare earth elements (REE) in the coal are characterized by light and medium-heavy REE enrichment. The minerals in the Jungar coal are mainly kaolinite, dickite, pyrite, calcite, siderite, quartz, and, to a lesser extent, gypsum and K-feldspar. The enrichment and occurrence of the trace elements, and of the minerals in the coal, are attributed to the fragmental parent rock during diagenesis and coalification. The main elements with high enrichment factors, Cu and Pb, overall exhibit a notably inorganic sulfide affinity and a weak organic affinity. Primary and epigenetic sedimentary environment and the lithology of the terrigenous parent rock are the key factors that influence the occurrence and formation of Cu and Pb in coal. The depositional environment is more influential in the formation of Cu than Pb in coal. Lead is more easily affected by the terrigenous factors than Cu when they are under a similar depositional environment.
Introduction
Coal is not only a major source of nitrous oxide (NO X ) and sulfuric oxide (SO X ) pollutants, but is also a geological repository for many inorganic elements. Coal geochemists have focused on the distribution, occurrence, and enrichment mechanisms of some harmful trace elements and beneficial metal elements in coal, such as As, Pb, Se, and Cr, rare metals, and rare-scattered elements Ge and U, and REE elements and yttrium [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The migration characteristics in the process of washing, combustion, and pyrolysis for harmful elements have also been discussed [5, [12] [13] [14] . Even some beneficial metal elements, including Al, Ga, Ge, and Li have being developed and applied [10] . As harmful elements in coal, Cu and Pb have not received as much attention as As regarding their The sample site was in the south of the Jungar coalfield with a simple structure in the mining field ( Figure 1) , with no fracture development, and Tianjiashipan deflection extension from southwest to northeast with 37-49° in the mining field. The formation strike is north by northeast with a gentle dip of 3-5° inclination angle. The coal-bearing strata in the Huangyuchuan mine are the Late Carboniferous Taiyuan Formation and the Shanxi Formation. The thicknesses of the Taiyuan Fm. and Shanxi Fm. range from 44.6 to 80.6 m and from 81.9 to 147.5 m, respectively [38, 39] . The coal seam in the Taiyuan Formation (C2t) is 21.5 m, with three minable coal seams, including upper No. 6, No. 6, and No. 9 . The coal seam in Shanxi Fm. (P1s) is 5.3-m thick, and the minable seams are No. 4 and No. 5 coal.
The minable No. 4 coal seam of the Huangyuchuan mine is in the middle of Shanxi formation with an average thickness of 5.0 m and the No. 6 coal seam in the upper part of Taiyuan formation has an average thickness of 12.9 m. The coal-bearing strata includes gravel-bearing gritstone, gritstone, fine-medium sandstone, mudstone, claystone, and coal ( Figure 2 ). (Q 4 ). The stratum lithology is mainly conglomerate, medium-to coarse-grained sandstone, siltstone, mudstone, and sub bituminous or bituminous coal. The overall tectonic plate of the coalfield has a monocline structure strike nearly north to south, with a western dip direction and a 15 • dip angle, and no obvious large fracture [39] .
The sample site was in the south of the Jungar coalfield with a simple structure in the mining field ( Figure 1) , with no fracture development, and Tianjiashipan deflection extension from southwest to northeast with 37-49 • in the mining field. The formation strike is north by northeast with a gentle dip of 3-5 • inclination angle. The coal-bearing strata in the Huangyuchuan mine are the Late Carboniferous Taiyuan Formation and the Shanxi Formation. The thicknesses of the Taiyuan Fm. and Shanxi Fm. range from 44.6 to 80.6 m and from 81.9 to 147.5 m, respectively [38, 39] . The coal seam in the Taiyuan Formation (C 2 t) is 21.5 m, with three minable coal seams, including upper No. 6, No. 6, and No 
Samples and Analytical Procedures
A total of 24 samples of the No. 4 and 6 coals were taken from the underground workface according to the ISO 18283-2006 standard, including 15 coal bench samples, two roof samples, two floor samples, and five partings. The coal seam column section is shown in Figure 2 . All of the samples were immediately stored in black plastic bags to minimize contamination and oxidation. From top to bottom, the roof strata (with suffix r), coal benches, partings (with suffix g), and floor samples (with suffix f) were identified by coal seam number, with the coal seams numbered in increasing order from top to bottom.
Proximate analysis was conducted following ASTM Standard D3173-11, D3175-11, and D3174-11 (2011) . Total sulfur was determined following ASTM Standard D3177-02 (2002) . Macerals were identified using white-light reflectance microscopy under oil immersion and more than 500 counts were measured for each polished pellet, observed with an Olympus BX51 microscope equipped with a Y-3 spectrophotometer. The maceral classification and terminology applied in the current study are based on ISO 7404-5:2009 [43] and the ICCP System 1994 [44, 45] .
A field emission-scanning electron microscope (SEM) (TESCAN MIRA3 XMU), in conjunction with an EDAX energy-dispersive X-ray spectrometer (Oxford 51_XMX1010), was used to study the morphology of the minerals, and to determine the distribution of the common elements. The working distance of the SEM-EDS was 15 mm, and beam voltage was 20.0 kV. The images were captured with a retractable solid-state backscattered electron detector.
Samples were crushed and ground to less 200 mesh (75 μm) for major and trace element analyses. The mineralogy of the powdered samples was determined by X-ray powder diffraction (XRD), supplemented by SEM and optical microscope observation. XRD analysis was performed on German Bruker D8 Advance, Cu-Kα target, Ni filtering, 40 kV tube voltage, tube current 50 mA, and the 2θ interval for scanning diffraction range was 5-80° with a step size of 0.01°. X-ray diffractograms of the coal samples were subjected to quantitative mineralogical analysis using Jade 6.5 software.
X-ray fluorescence (XRF) spectrometry was used to determine the major oxides, including silicon oxide (SiO2), aluminum oxide (Al2O3), calcium oxide (CaO), potassium oxide (K2O), sodium oxide (Na2O), iron oxide (Fe2O3), magnesium oxide (MgO), manganese oxide (MnO), titanium oxide (TiO2), and phosphoric oxide (P2O5), in the coal ash (815 °C) and in the powdered non-coal samples. According to DZ/T0223-2001, the inductively coupled plasma mass spectrometry (X series II ICP-MS), in pulse counting mode with three points per peak, was used to determine trace elements in the coal samples with a test temperature of 20 °C and relative humidity of 30%. The sample dissolution process was as follows: Firstly, a coal sample m = (0.1000 ± 0.0001) g was taken in a Poly Tetra Fluoro 
Proximate analysis was conducted following ASTM Standard D3173-11, D3175-11, and D3174-11 (2011). Total sulfur was determined following ASTM Standard D3177-02 (2002). Macerals were identified using white-light reflectance microscopy under oil immersion and more than 500 counts were measured for each polished pellet, observed with an Olympus BX51 microscope equipped with a Y-3 spectrophotometer. The maceral classification and terminology applied in the current study are based on ISO 7404-5:2009 [43] and the ICCP System 1994 [44, 45] .
Samples were crushed and ground to less 200 mesh (75 µm) for major and trace element analyses. The mineralogy of the powdered samples was determined by X-ray powder diffraction (XRD), supplemented by SEM and optical microscope observation. XRD analysis was performed on German Bruker D8 Advance, Cu-Kα target, Ni filtering, 40 kV tube voltage, tube current 50 mA, and the 2θ interval for scanning diffraction range was 5-80 • with a step size of 0.01 • . X-ray diffractograms of the coal samples were subjected to quantitative mineralogical analysis using Jade 6.5 software.
X-ray fluorescence (XRF) spectrometry was used to determine the major oxides, including silicon oxide (SiO 2 ), aluminum oxide (Al 2 O 3 ), calcium oxide (CaO), potassium oxide (K 2 O), sodium oxide (Na 2 O), iron oxide (Fe 2 O 3 ), magnesium oxide (MgO), manganese oxide (MnO), titanium oxide (TiO 2 ), and phosphoric oxide (P 2 O 5 ), in the coal ash (815 • C) and in the powdered non-coal samples. According to DZ/T0223-2001, the inductively coupled plasma mass spectrometry (X series II ICP-MS), in pulse counting mode with three points per peak, was used to determine trace elements in the coal samples with a test temperature of 20 • C and relative humidity of 30%. The sample dissolution process was as follows: Firstly, a coal sample m = (0.1000 ± 0.0001) g was taken in a Poly Tetra Fluoro Ethylene sealing melting pot, 1 mL HNO 3 (1:1) and 3 mL of HF were added and sealed closed in a microwave oven after 1000 W preheating 1.0 min. After being cooled, the sample was transferred to the automatic control electric hot plate for digestion for 48 hr at 160 • C. The ICP-MS analysis and microwave digestion procedures are more fully outlined by Dai et al. [46] .
The sample proximate, XRD, and SEM analyses were completed at the Shanxi Coal Chemistry Institute of Chinese Sciences Academy. The element content test was completed in the Nuclear Industry Geological Analysis and Testing Center in Beijing. The results of the major elements, trace elements, and proximate analysis of coal samples are shown in Tables 1 and 2 . 
Results

Coal Petrology and Vitrinite Reflectance
The No. 4 coal from the Shanxi Formation was matt luster. It is generally dull and banded dull lithotypes dominated by low clarain and vitrain-band coal with a small amount of fusain. The endogeny fracture developed well in the vitrain band and the exogenesis fracture was also well-developed. The upper and lower parts of the No. 6 coal was matt luster and the middle part was sub-vitreous luster. It is generally banded and banded bright lithotype dominated by vitrain-band coal, clarain coal and low durain with a small portion of fusain. The exogenesis fracture was well developed.
Microscope petrographic analyses of the coal samples are presented in Table 1 (mineral-free basis). The inertinite is dominant in the No. 4 coal and vitrinite is more than 50% of the No. 6 coal. In general, the vitrinite in the No. 4 coal samples is low, which is as low as 25% on a mineral-free basis, in sample 4-1, and no more than 50% in all the samples. Vitrinite reflectance was not measured for all coal samples. The values, where measurements are available, were 0.58-0.59% R r ( Table 1) , indicating that the coal is subbituminous or bituminous coal. 
Coal Chemistry
The results of the proximate analysis of the coal seam samples are presented in Table 1 . It shows that the No. 4 coal is a low-moisture, medium-ash, high-volatile, low-medium-sulfur coal, with an average 4.0% Mad, 28% Ad, 38.2% Vdaf, 44.9% FCd, and 0.7% St,d. The total sulfur content in the No. 4 coal varied greatly from 0.3% to 1.3%, characterized by a high content in the top and bottom coal layers of 1.1% and 1.3%, respectively, where Sp,d was the main component, and low content with So,d as the main component in the middle coal layers (0.3-0.4%). Although sample 4-1 had higher total sulfur, this was due to its higher organic sulfur and not from sulfide. 
The results of the proximate analysis of the coal seam samples are presented in Table 1 [36] . However, the roof, floor, and parting sample seams were characterized by having lower S t,d content than the coal seam, with a range of 0.1% to 0.2% in the No. 4 coal, and 0.1% to 0.9% in the No. 6 coal. No. 6 coal was a low-moisture, low-ash, high-volatile, low-medium-sulfur coal, with an average 3.9% Mad, 15.8% Ad, 37.9% Vdaf, 52.3% FCd, and 0.7% St,d . Total sulfur content in No. 6 coal was low and stable, ranging from 0.3% to 0.9%, and So,d was the main component, with the exception of sample 6-13 (>1%, with Sp,d as the main component). The contents of Sp,d and So,d were higher in the No. 6 coal than the No. 4 coal, indicating that the original coal-forming environment had changed greatly and the No. 6 coal was more affected by the seawater [36] . However, the roof, floor, and parting sample seams were characterized by having lower St,d content than the coal seam, with a range of 0.1% to 0.2% in the No. 4 coal, and 0.1% to 0.9% in the No. 6 coal.
Coal Geochemistry
Major Elements
When considered on a whole-coal basis ( [33] . In contrast, the No. 6 coal contained higher proportions of Al2O3, MnO, and MgO, and lower proportions of SiO2, CaO, TiO2, Fe2O3, K2O, and P2O5 than that in average Chinese coal. This may be due to the existence of more high-Al silicate minerals in the No. 4 coal than in the No. 6 coal. When comparing the roof, floor, and parting samples, the coal seams were characterized by having higher Fe2O3, CaO, MgO, and P2O5, and lower SiO2, Al2O3, K2O, and Ti2O contents than the non-coal lithologies.
The SiO2 and Al2O3 content in the roof, parting, and floor always higher, than in bench samples for the No. 4 and No. 6 coals ( Figure 5 ). However, lower Fe2O3, CaO, MgO, and P2O5 were found in the roof, parting, and floor samples. The SiO2/Al2O3 ratios for the roof, floor, and parting samples were equal to the theoretical SiO2/Al2O3 molar ratio of kaolinite (2.0) in the No. 4 coal and much higher in the No. 6 coal seams, consistent with the relatively high proportions of other silicate minerals, such as quartz in the mineral matter. 
Coal Geochemistry
Major Elements
When considered on a whole-coal basis ( The ratio results of (Fe2O3 + CaO + MgO)/(SiO2 + Al2O3) (see C in Table 2 ) and Si/Al show that the differences in the supply quantity of terrigenous matters and a slight change in sedimentary environment during the formation of the upper, middle, and lower coal seams.
Trace Elements
Grouping of Coal Bench Samples Based on the Coal Forming Environment
We divided all the samples into two groups based on original coal-bearing sedimentary system and discussed the geochemistry characteristics of No. 4 and No. 6. Based on the comparison of the Cu and Pb concentrations in the coal benches in this study with the average for worldwide low-rank coals reported by Ketris and Yudovich [30] , four groups of coal bench samples were identified in the Huangyuchuan coal. These are described as Groups 1, 2, 3, and 4, in which Groups 1 and 2 were from the No. 4 coal, based on the Pb concentration of more or less than 36 μg/g, which is four times that of the worldwide low-rank coals (9 μg/g). Groups 3 and 4 were from the No. 6 coal and were based on a Cu concentration of more or less than 48 μg/g, which is three times that of the worldwide low-rank coals ( Figure 5 ).
The Group 1 coal benches were significantly enriched in Pb. They were also enriched in Mo, Th, Ga, U, and Li ( Figure 6) , with an average CC [7] (CC: concentrations of trace elements in the Huangyuchan coals vs. the world low-rank coals) of 15.1, 5.6, 4.0, 3.1, and 2.8, respectively. Bench sample 4-3 had the highest Pb concentration of 58 μg/g and a CC value of 6.5 ( Table 2 and Figure 6 ), and it was enriched with elements Cu (62 μg/g, CC = 3.9), Ga (CC = 3.5), Li (CC = 3.5), and Th (CC = 6.6). Besides, Pb was enriched in the roof sample 4-r with 67 μg/g. Table 2 ) and Si/Al show that the differences in the supply quantity of terrigenous matters and a slight change in sedimentary environment during the formation of the upper, middle, and lower coal seams.
Trace Elements
Grouping of Coal Bench Samples Based on the Coal Forming Environment
We divided all the samples into two groups based on original coal-bearing sedimentary system and discussed the geochemistry characteristics of No. 4 and No. 6. Based on the comparison of the Cu and Pb concentrations in the coal benches in this study with the average for worldwide low-rank coals reported by Ketris and Yudovich [30] , four groups of coal bench samples were identified in the Huangyuchuan coal. These are described as Groups 1, 2, 3, and 4, in which Groups 1 and 2 were from the No. 4 coal, based on the Pb concentration of more or less than 36 µg/g, which is four times that of the worldwide low-rank coals (9 µg/g). Groups 3 and 4 were from the No. 6 coal and were based on a Cu concentration of more or less than 48 µg/g, which is three times that of the worldwide low-rank coals ( Figure 5 ).
The Group 1 coal benches were significantly enriched in Pb. They were also enriched in Mo, Th, Ga, U, and Li ( Figure 6) , with an average CC [7] (CC: concentrations of trace elements in the Huangyuchan coals vs. the world low-rank coals) of 15.1, 5.6, 4.0, 3.1, and 2.8, respectively. Bench sample 4-3 had the highest Pb concentration of 58 µg/g and a CC value of 6.5 ( Table 2 and Figure 6 ), and it was enriched with elements Cu (62 µg/g, CC = 3.9), Ga (CC = 3.5), Li (CC = 3.5), and Th (CC = 6.6). Besides, Pb was enriched in the roof sample 4-r with 67 µg/g. In Group 2, Pb was enriched to a lesser extent in the coal bench samples with a concentration of 24 µg/g, and the elements slightly enriched were Mo (9 µg/g, CC = 4.5); weakly enriched were Th (10 µg/g, CC = 3.1) and Li (30 µg/g, CC = 2.1).
Minerals 2017, 8, 5 11 of 22 In Group 2, Pb was enriched to a lesser extent in the coal bench samples with a concentration of 24 μg/g, and the elements slightly enriched were Mo (9 μg/g, CC = 4.5); weakly enriched were Th (10 μg/g, CC = 3.1) and Li (30 μg/g, CC = 2.1). In Group 3, these coal benches were enriched in Cu. They were also enriched in Li, Th, and Pb ( Figure 6) , with an average CC of 3.9, 3.3, and 2.5, respectively. The bench sample 6-2 had the highest Cu concentration with 69 μg/g and a CC value of 4.3 ( Figure 6 ). Other enriched elements included Li (72 μg/g, CC = 5.2), Th (19 μg/g, CC = 5.9), and Pb (36 μg/g, CC = 4.0). Sample 6-4 had the highest Ba concentration at 3233 μg/g and a CC value of 21.6. Elements Zn (112 μg/g, CC = 4) and Cu (61 μg/g, In Group 3, these coal benches were enriched in Cu. They were also enriched in Li, Th, and Pb ( Figure 6) , with an average CC of 3.9, 3.3, and 2.5, respectively. The bench sample 6-2 had the highest Cu concentration with 69 µg/g and a CC value of 4.3 ( Figure 6 ). Other enriched elements included Li (72 µg/g, CC = 5.2), Th (19 µg/g, CC = 5.9), and Pb (36 µg/g, CC = 4.0). Sample 6-4 had the highest Ba concentration at 3233 µg/g and a CC value of 21.6. Elements Zn (112 µg/g, CC = 4) and Cu (61 µg/g, CC = 3.8) were also enriched in this sample. Gypsum was also found in the sample by SEM. Cu was also enriched in parting sample 6-3 g and floor sample 6-f with 64 µg/g and 58 µg/g, respectively.
In Group 4, the concentration of Cu in the coal, at 13 µg/g ( Figure 6 ), was lower than the worldwide average for low-rank coal, as reported by Ketris and Yudovich [30] , and no other elements were enriched except Pb, with a content of 13 µg/g ( Figure 6 ).
Overall, the concentration of Pb in all of samples was always higher than the 9 µg/g world average, and the Li was also always weakly enriched in all the samples, however the content of Cu was either much higher or much lower. Figure 7 show the variations of selected trace element concentrations in the coal (Cu, U, Th, Pb, and Ga), as well as the ash yield and total sulfur content, through the vertical sections of the coal beds. Particular points of significance include: (1) Copper was more enriched in the No. 6 coal and the content was higher in coal benches than in the roof and parting sandstones, except in the bench 6-13 and floor 6-f samples (Figure 7 ). (2) Lead was more enriched in the No. 4 coal and the content was higher in the roof and parting samples than in coal the benches, for example, 4-r, 4-6 g, and 6-6 g. In addition, it was less enriched in the overlayered parting coal in the No. 4 coal, such as Pb in 4-5 was less than in 4-6 g and 4-7 to 4-f. However, this was opposite of the observation in the No. 6 coal, where Pb was more enriched in the coal benches than in the partings. For example, Pb was higher in 6-2 than in 6-3 g, and 6-5 to 6-6 g, and 6-10 to 6-11 g (Figure 7 ). In Group 4, the concentration of Cu in the coal, at 13 μg/g ( Figure 6 ), was lower than the worldwide average for low-rank coal, as reported by Ketris and Yudovich [30] , and no other elements were enriched except Pb, with a content of 13 μg/g ( Figure 6 ).
Variations in Trace Elements through Vertical Coal Seam Sections
Overall, the concentration of Pb in all of samples was always higher than the 9 μg/g world average, and the Li was also always weakly enriched in all the samples, however the content of Cu was either much higher or much lower. Figure 7 show the variations of selected trace element concentrations in the coal (Cu, U, Th, Pb, and Ga), as well as the ash yield and total sulfur content, through the vertical sections of the coal beds. Particular points of significance include: (1) Copper was more enriched in the No. 6 coal and the content was higher in coal benches than in the roof and parting sandstones, except in the bench 6-13 and floor 6-f samples (Figure 7 ). (2) Lead was more enriched in the No. 4 coal and the content was higher in the roof and parting samples than in coal the benches, for example, 4-r, 4-6 g, and 6-6 g. In addition, it was less enriched in the overlayered parting coal in the No. 4 coal, such as Pb in 4-5 was less than in 4-6 g and 4-7 to 4-f. However, this was opposite of the observation in the No. 6 coal, where Pb was more enriched in the coal benches than in the partings. For example, Pb was higher in 6-2 than in 6-3 g, and 6-5 to 6-6 g, and 6-10 to 6-11 g (Figure 7 ). 
Distribution Pattern of Rare Earth Elements and Yttrium
Rare earth elements and yttrium (REY) have been used for many years as geochemical indicators of the sedimentary environment and the post-sedimentary history of coal deposits because of their coherent behavior during different geochemical processes and their predictable pattern of fractionation [7] . A three-fold classification of REY was used for this study: light REY (LREY) for La, Ce, Pr, Nd, and Sm; medium REY (MREY) for Eu, Gd, Tb, Dy, and Y; and heavy REY (HREY) for Ho, Er, Tm, Yb, and Lu [47] . In comparison with the upper continental crust (UCC), three enrichment types were identified [ 
Rare earth elements and yttrium (REY) have been used for many years as geochemical indicators of the sedimentary environment and the post-sedimentary history of coal deposits because of their coherent behavior during different geochemical processes and their predictable pattern of fractionation [7] . A three-fold classification of REY was used for this study: light REY (LREY) for La, Ce, Pr, Nd, and Sm; medium REY (MREY) for Eu, Gd, Tb, Dy, and Y; and heavy REY (HREY) for Ho, Er, Tm, Yb, and Lu [47] . In comparison with the upper continental crust (UCC), three enrichment types were identified [47] : L-type (light-REY; La N /Lu N > 1, N-normalized by average element concentrations in upper continental crust [48] ), M-type (medium-REY; La N /Sm N < 1, Gd N /Lu N > 1), and H-type (heavy-REY; La N /Lu N < 1) [7, 47] .
The concentrations of REY in the No. 4 coal were higher than the worldwide average values for low-rank coals (68 µg/g) reported by Ketris and Yudovich [30] , but were equal to or less than the world average value for low-rank coals in the No. 6 coal ( Figure 6) . So, the REY had a higher content in the No. 4 coal than that in No. 6 coal (Figures 6 and 8a-c) The concentrations of REY in the No. 4 coal were higher than the worldwide average values for low-rank coals (68 μg/g) reported by Ketris and Yudovich [30] , but were equal to or less than the world average value for low-rank coals in the No. 6 coal ( Figure 6 ). So, the REY had a higher content in the No. 4 coal than that in No. 6 coal (Figures 6 and 8a-c) With the exceptions of samples 4-3 (highest Pb, H-type), the REY enrichment patterns in the coal benches were dominated by L-type and M-H-type, all with negative Eu and weak negative Ce anomalies (Figure 8b,c) , except for the L-type samples (Figure 8a ) that had distinct negative Ce and Eu anomalies. Relative to the UCC, the light REY was more distinctly fractionated than the medium and heavy REY in the coal samples (Figure 8a) .
The roof and floor samples for the No. 6 coal were L-type with distinctly negative Eu and Ce anomalies (Figure 8d ). The light, medium, and heavy REY in the No. 4 partings and floor samples were the classic H-type with negative Eu and weakly negative Ce anomalies (Figure 8f ). The No. 6 partings samples were the M-H types with just the weak negative Ce anomaly, and the fractionation of LREY is higher. (Figure 8e ). 
Minerals in Coals and Host Rocks
The minerals in the coal samples were mainly kaolinite, and to a lesser extent, calcite and pyrite. Traces of quartz, siderite, K-feldspar, and gypsum were also visible with SEM. The mineral composition of the partings, roof, and floor strata were kaolinite, quartz, biotite (sample 6-r), and rutile (Figures 9-12 ). In the macroscopic view of the No. 4 coal, thin-film calcite and pyrite in exogenous fracture were visible (Figure 9a,b) , and the microscopic minerals were mainly clay minerals, with an average of 74.9% of the total mineral content (Figure 9c,h) , followed by calcite (21.2%), pyrite (2.5%, epigenetic thin-film, fusinite mineralization, and syngenetic-vein), siderite (0.1%), and tiny amounts of quartz (1.4%). Furthermore, a red-orange unknown mineral was found in the No. 4 coal, filling the cell cavity of the vitrinite. In the macroscopic view of the No. 6 coal, there was thin-film calcite in exogenous fracture and framboidal pyrite in sample 6-3 (Figure 9b ). Microscopic minerals in the No. 6 coal were mainly granular, globular, lenticular, thin-layered, and cell-filling clay minerals (Figure 9d) , accounting for an average of 86.5% of the total mineral content, framboidal (Figure 9e) , disseminated, cleat-filling ( Figure 9f ) and cell-filling ( Figure 9g ) pyrite (average 10.9%), vein calcite (average 1.7%, filling fissure together with clay minerals or pyrite), and cell-filling quartz (0.9%) (Figure 9g ). With the exceptions of samples 4-3 (highest Pb, H-type), the REY enrichment patterns in the coal benches were dominated by L-type and M-H-type, all with negative Eu and weak negative Ce anomalies (Figure 8b,c) , except for the L-type samples (Figure 8a ) that had distinct negative Ce and Eu anomalies. Relative to the UCC, the light REY was more distinctly fractionated than the medium and heavy REY in the coal samples (Figure 8a) .
The roof and floor samples for the No. 6 coal were L-type with distinctly negative Eu and Ce anomalies (Figure 8d ). The light, medium, and heavy REY in the No. 4 partings and floor samples were the classic H-type with negative Eu and weakly negative Ce anomalies (Figure 8f ). The No. 6 partings samples were the M-H types with just the weak negative Ce anomaly, and the fractionation of LREY is higher. (Figure 8e ).
The minerals in the coal samples were mainly kaolinite, and to a lesser extent, calcite and pyrite. Traces of quartz, siderite, K-feldspar, and gypsum were also visible with SEM. The mineral composition of the partings, roof, and floor strata were kaolinite, quartz, biotite (sample 6-r), and rutile (Figures 9-12 ).
In the macroscopic view of the No. 4 coal, thin-film calcite and pyrite in exogenous fracture were visible (Figure 9a,b) , and the microscopic minerals were mainly clay minerals, with an average of 74.9% of the total mineral content (Figure 9c,h) , followed by calcite (21.2%), pyrite (2.5%, epigenetic thin-film, fusinite mineralization, and syngenetic-vein), siderite (0.1%), and tiny amounts of quartz (1.4%). Furthermore, a red-orange unknown mineral was found in the No. 4 coal, filling the cell cavity of the vitrinite. In the macroscopic view of the No. 6 coal, there was thin-film calcite in exogenous fracture and framboidal pyrite in sample 6-3 (Figure 9b ). Microscopic minerals in the No. 6 coal were mainly granular, globular, lenticular, thin-layered, and cell-filling clay minerals (Figure 9d ), accounting for an average of 86.5% of the total mineral content, framboidal (Figure 9e) , disseminated, cleat-filling ( Figure 9f ) and cell-filling ( Figure 9g ) pyrite (average 10.9%), vein calcite (average 1.7%, filling fissure together with clay minerals or pyrite), and cell-filling quartz (0.9%) (Figure 9g ). Kaolinite and pyrite were found in the No. 4 coal samples through XRD analysis s, and dickite, kaolinite, calcite, and pyrite were found by the XRD analysis in the No. 6 coal ( Figure 10 ). Because of poor crystallinity and/or insufficient content amount, minerals such as quartz and siderite, observed by microscope, were not detected by XRD. Dickite is an acidic hydrothermal alteration mineral, which is often associated with quartz, pyrophyllite, epidote, pyrite, and diaspore. However, obvious hydrothermal mineralization was not found in the coal seam, surrounding rocks, or surrounding areas of the Huangyuchuan mine, indicating that the formation of dickite was related to terrigenous materials and later low-temperature alteration.
As shown by SEM-EDX, clay minerals, carbonate minerals, feldspar, and quartz were found in the No. 4 coal (Figure 11 ). Clay minerals, calcite, pyrite, siderite, quartz, and a small amount of gypsum were found in the No. 6 coal.
In brief, using the methods of microscopic observation, XRD, and SEM-EDX methods, we found that the minerals in coal were composed of aluminosilicate minerals (kaolinite, dickite, and Kfeldspar), carbonate minerals (calcite and siderite), sulfide minerals (pyrite), oxide minerals (quartz), and sulfate minerals (gypsum) in the Huangyuchuan mine. In which, clay minerals, carbonate, and sulfide minerals were quite common in coal, while other minerals were rare. The mineral composition of the partings, roof, and floor strata were kaolinite, quartz (Figure 9h ,i), biotite (sample 6-r), and rutile.
Kaolinite and pyrite were found in the No. 4 coal samples through XRD analysis s, and dickite, kaolinite, calcite, and pyrite were found by the XRD analysis in the No. 6 coal ( Figure 10 ). Because of poor crystallinity and/or insufficient content amount, minerals such as quartz and siderite, observed by microscope, were not detected by XRD. Dickite is an acidic hydrothermal alteration mineral, which is often associated with quartz, pyrophyllite, epidote, pyrite, and diaspore. However, obvious hydrothermal mineralization was not found in the coal seam, surrounding rocks, or surrounding areas of the Huangyuchuan mine, indicating that the formation of dickite was related to terrigenous materials and later low-temperature alteration.
In brief, using the methods of microscopic observation, XRD, and SEM-EDX methods, we found that the minerals in coal were composed of aluminosilicate minerals (kaolinite, dickite, and K-feldspar), carbonate minerals (calcite and siderite), sulfide minerals (pyrite), oxide minerals (quartz), and sulfate minerals (gypsum) in the Huangyuchuan mine. In which, clay minerals, carbonate, and sulfide minerals were quite common in coal, while other minerals were rare. 
Discussion
Cu and Pb in Jungar Coal
Based on the available published data, the contents and occurrence of Cu and Pb in coal in some parts of China were statistically analyzed. From a nationwide perspective, the Cu content in coal seams was high in Southwest and Northeast China, but low in the middle and Northwest. For instance, the Cu content was higher than the crustal value (60 μg/g) in Chongqing [22] , Guizhou Province of Southwest China [20, 23, 34, 49] , and the Shenbei coalfield in Northeast China [35] , which 
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Cu and Pb in Jungar Coal
Based on the available published data, the contents and occurrence of Cu and Pb in coal in some parts of China were statistically analyzed. From a nationwide perspective, the Cu content in coal seams was high in Southwest and Northeast China, but low in the middle and Northwest. For instance, the Cu content was higher than the crustal value (60 µg/g) in Chongqing [22] , Guizhou Province of Southwest China [20, 23, 34, 49] , and the Shenbei coalfield in Northeast China [35] , which content was between 39-53 µg/g in Northern Shaanxi [50] [51] [52] . In addition, Inner Mongolia [53, 54] and Xinjiang Province coals [49] of Northwest China were characterized by low Cu content (14-24 µg/g). In contrast to other coals in China, Table 2 shows that Cu (33 µg/g) and Pb (42 µg/g) in the No. 4 coal were both higher than the world hard coal, which have an average of 16 µg/g and 9 µg/g, respectively [30, 33] ( Figure 12 ), in which the Cu content is much lower than in the crust (60 µg/g) and Pb content is much higher than in the crust (13 µg/g).
In the No. 4 coal, Cu content was lower in samples 4-2, 4-5, and 4-7, but higher in samples 4-1 and 4-3, with an average of 62 µg/g, and Pb content was highest in sample 4-5 with 58 µg/g, followed by samples 4-1 and 4-2 with 45 and 47 µg/g, respectively. The Cu content in the No. 6 coal, at 55 µg/g was more than three times that of the world average ( Table 2) , but was lower than that of the crust (60 µg/g). In samples 6-2, 6-3, 6-6, and 6-8 of the No. 6 coal, the Cu content were all above 60 µg/g and relatively enriched. The Pb content in the No. 6 coal, at 20 µg/g, was two times that in CC and higher than 33 µg/g in samples 4-2 and 4-8, which are enriched elements in coals.
The Cu content for No. 6 coal is higher in Huangyuchuan mine than that in Heidaigou [39] and Haerwusu mine [38] , which located in the of north central of Jungar coalfield (Figure 1 ) [40] , at 55 µg/g, 16 µg/g, and 13 µg/g respectively, and it also higher in the No. 4 coal with 33 µg/g Cu from the Huangyuchuan mine. However, No. 4 coal had a higher Pb content (42 µg/g) than all the No. 6 coal of Huangyuchan (21 µg/g), Heidaigou (36 µg/g) and Haerwusu mine (30 µg/g) from the Jungar coalfield ( Figure 12 ). respectively [30, 33] (Figure 12 ), in which the Cu content is much lower than in the crust (60 μg/g) and Pb content is much higher than in the crust (13 μg/g).
In the No. 4 coal, Cu content was lower in samples 4-2, 4-5, and 4-7, but higher in samples 4-1 and 4-3, with an average of 62 μg/g, and Pb content was highest in sample 4-5 with 58 μg/g, followed by samples 4-1 and 4-2 with 45 and 47 μg/g, respectively. The Cu content in the No. 6 coal, at 55 μg/g was more than three times that of the world average ( Table 2) , but was lower than that of the crust (60 μg/g). In samples 6-2, 6-3, 6-6, and 6-8 of the No. 6 coal, the Cu content were all above 60 μg/g and relatively enriched. The Pb content in the No. 6 coal, at 20 μg/g, was two times that in CC and higher than 33 μg/g in samples 4-2 and 4-8, which are enriched elements in coals.
The Cu content for No.6 coal is higher in Huangyuchuan mine than that in Heidaigou [39] and Haerwusu mine [38] , which located in the of north central of Jungar coalfield (Figure 1 ) [40] , at 55 μg/g, 16 μg/g, and 13 μg/g respectively, and it also higher in the No. 4 coal with 33 μg/g Cu from the Huangyuchuan mine. However, No. 4 coal had a higher Pb content (42 μg/g) than all the No. 6 coal of Huangyuchan (21 μg/g), Heidaigou (36 μg/g) and Haerwusu mine (30 μg/g) from the Jungar coalfield ( Figure 12 ). [33] , USC-Unit States Coal [33] , HC-Hard coal [30] , BC-Brown coal [30] .
In conclude, in some parts of the Jungar coalfield, the Cu content is generally higher in No. 6 coal than in No. 4 coal, and horizontally, the Cu content also higher in southern than in northern of the Jungar coalfield. In contrast, Pb content in No. 6 coal from other mine of Jungar coalfield is higher than that from the Huangyuchuan mine in the southern coalfield, but lower than in No. 4 coal, indicating that the Pb content is unstable horizontally in the Jungar coalfield.
Causes of Enrichment
As the Jungar coalfield is on the northeast border of the Ordos plateau syncline, the detrital provenance of No. 6 coal is situated the north (i.e., moyite from the Yinshan ancient land (Figure 13) , and/or the northeast (i.e., Late Palaeozoic Benxi Formation) [38] [39] [40] , while the Proterozoic and Lower Paleozoic granites and sedimentary rocks in the Yinshan area; and probably add some basic volcanic rocks, are terrigenous detrital materials of the No. 4 coal [42] . As for the source and quantity of [33] , USC-Unit States Coal [33] , HC-Hard coal [30] , BC-Brown coal [30] .
As the Jungar coalfield is on the northeast border of the Ordos plateau syncline, the detrital provenance of No. 6 coal is situated the north (i.e., moyite from the Yinshan ancient land (Figure 13) , and/or the northeast (i.e., Late Palaeozoic Benxi Formation) [38] [39] [40] , while the Proterozoic and Lower Paleozoic granites and sedimentary rocks in the Yinshan area; and probably add some basic volcanic rocks, are terrigenous detrital materials of the No. 4 coal [42] . As for the source and quantity of terrigenous rocks, compared to the Huangyuchuan mine, the Heidaigou mine accepted more continental weathered detritus with a richer variety of minerals from the Yinshan area, which means that larger amounts of terrigenous materials may be responsible for the higher content of Pb, and the basic pyroclastic found in No. 4 coal [42] , e.g., different lithology of source rocks, is another reason for that finding. On the other hand, Cu may be more enriched in coal seams formed in transitional facies which were more easily affected by seawater and crystallized more sulfide [36] . Therefore, we can conclude that coal-forming environments and clastic parent rocks affected the occurrence of Cu and Pb, and the enrichment of Cu in coal was more likely caused by transgression influence; while Pb, influenced by continental facies detritus to a certain extent, which could have supplied abundant terrigenous materials. Granite debris migration from the provenance area can provided biotite that contained adequate Cu ion. Furthermore, some hydrous aluminosilicate minerals decompose into other minerals during migration also could lead Cu ion occur in detrital minerals.
Cu in No. 4 coal was more enriched in the under layer of the roof and parting samples than in the roof, floor, and parting. For example, Cu had a higher content in sample 4-7 at 13 μg/g, than that in sample 4-6 g and the floor, based on the microscopic observation of thin section, the roof, floor and partings had high sandstone content and clay occurred as the matrix, even the dominant minerals in No. 4 coal. Then the Cu in the adsorbed form of aluminosilicate minerals from the roof, floor, and partings would leach into the coal seam, and occurred in copper-bearing minerals, sulfides, and organic complexes under the effect of diagenesis. As shown in Figure 7 , the Cu content was always lower in the roof, floor and partings. In addition, the Pb enrichment factor was the same as that of Cu, and the leaching process of the roof minerals led to low organic sulfur content and high Pb content in 4-1 (Table 1 and Figure 7) . The stable existence of organic sulfides is the basic reason that its content in the lower coal layer is low but changed less, such as in sample 4-5 to sample 4-f, and because of the unclear occurrence of organic sulfur in No. 4 coal, why and how Pb could be ionic bonding with organic sulfur needs to be further researched.
The distribution of Cu in No. 6 and No. 4 coal had some similarities, but the fluctuation of Cu content in No. 6 coal was obviously controlled by the cyclic change with the sedimentary Granite debris migration from the provenance area can provided biotite that contained adequate Cu ion. Furthermore, some hydrous aluminosilicate minerals decompose into other minerals during migration also could lead Cu ion occur in detrital minerals.
Cu in No. 4 coal was more enriched in the under layer of the roof and parting samples than in the roof, floor, and parting. For example, Cu had a higher content in sample 4-7 at 13 µg/g, than that in sample 4-6 g and the floor, based on the microscopic observation of thin section, the roof, floor and partings had high sandstone content and clay occurred as the matrix, even the dominant minerals in No. 4 coal. Then the Cu in the adsorbed form of aluminosilicate minerals from the roof, floor, and partings would leach into the coal seam, and occurred in copper-bearing minerals, sulfides, and organic complexes under the effect of diagenesis. As shown in Figure 7 , the Cu content was always lower in the roof, floor and partings. In addition, the Pb enrichment factor was the same as that of Cu, and the leaching process of the roof minerals led to low organic sulfur content and high Pb content in 4-1 (Table 1 and Figure 7) . The stable existence of organic sulfides is the basic reason that its content in the lower coal layer is low but changed less, such as in sample 4-5 to sample 4-f, and because of the unclear occurrence of organic sulfur in No. 4 coal, why and how Pb could be ionic bonding with organic sulfur needs to be further researched.
The distribution of Cu in No. 6 and No. 4 coal had some similarities, but the fluctuation of Cu content in No. 6 coal was obviously controlled by the cyclic change with the sedimentary environment due to the high relevance with Si, Al and A d (Figure 7 and Table 3 ). There, no distinct variation in the content of the samples occurred between sample 6-1 to 6-5 (including 6-3 g), but Cu is lower in the samples of 6-r, 6-6 g and 6-11 g, because without leaching effect, the Cu is higher in sample 6-f. However, the samples 6-3 g had identical higher Cu content with the other coal benches. Perhaps weathering and leaching of fragments matter from the roof and partings to coal layers is dominate origin of Cu ion in coal, but we also cannot explain the reason of the higher Cu in sample 6-3 g. It may be due to the import and export for the Cu ion is equal in 6-3 g and more content of Fe ion ( Table 2 ). The higher content of Fe, Mg, Ca, and sulphate gypsum minerals detected by SEM indicates that an element exchange occurred between sample 6-13, 6-f, and the sedimentary waters, which resulted in extremely low Cu content in sample 6-13. Certainly, we have no reason to rule out the fact that the massive Cu ions could migrate to the lower layer and then lead to higher Cu content in sample 6-f. However, this situation did not appear in No. 4 coal, so it is obvious that the epigenetic sedimentary environment has a profound influence on the Cu content. Compared to the No. 4 coal, the low Pb content (reduced rate of 49%) is obviously related to the low Si and Al content (reduced rate of 49% and 45%, respectively) in No. 6 coal ( Table 2) , so the Pb content in No. 6 coal depends on the terrigenous clastic matter supply amount, which is probably the main reason for the lower Pb content in the Huangyuchuan mine compared to the Heidaigou mine. 
Occurrence
The Cu contents in the No. 6 coal from Huangyuchuan mine were all higher than 50 µg/g, except for sample 6-13 (13 µg/g), and the sulfur mainly occurred as organic sulfur in No. 6 coal except for in sample 6-13, that mainly occurred as sulfide sulfur (Table 1) . Apparently, having a similar content trend, the Cu in No. 6 coal was closely related to the occurrence of organic matter (Table 3 ) and organic sulfur. In addition, the ratio of organic sulfur to total sulfur in sample 6-13 was very low, but the content of organic sulfur was the same as in the upper layer. Moreover, the Cu content in 6-13 was much lower than the upper layer, which means it is possible that partial Cu exists in the form of stable organic complexes which did not migrate easily, and the occurrence in sample 6-13 must be different from sample 6-12. Table 2 shows that the Fe and Ca contents in sample 6-13 were extremely high, and the results of XRD and SEM ( Figure 5) show that No. 6 coal is characterized by many sulfide and carbonate minerals, and a small amount of gypsum. In conclusion, sample 6-13, close to the floor, was affected by an epigenetic deposition environment; some of the metal ions dissolved and migrated to other layers, leaving stable Cu ions or organic Cu during the weathering oxidation and crystallization of Fe-bearing minerals and carbonate minerals. Besides, Table 3 shows that there is a positive correlation coefficient between Cu, Al, Si, and Ti in No. 6 coal, indicating that most Cu ions occur in the adsorbed form of aluminosilicate minerals. Furthermore, the parent rock debris and Cu-bearing minerals such as biotite, were observed by microscope (Figure 14) , are the carriers of Cu in coal, may be another kind of the occurrences for Cu in coal.
Except for samples 6-2 and 6-10, the Pb content was lower than 25 µg/g in No. 6 coal, and only 13 µg/g in sample 6-13. The correlation coefficient between Cu and Pb was 0.6, indicating that partial Pb probably has the same occurrence as Cu, e.g., organic state, aluminosilicate adsorption state and heavy metal compounds. In samples 6-2 and 6-10, Fe and Ca contents were slightly lower, Al and Si contents were higher, and the Pb content was also distinctly higher, meaning that Pb in No. 6 coal mainly occurs in the form of aluminosilicate adsorption, followed by metal compounds, and organic complexes.
Compared to No. 6 coal, No. 4 coal was not enriched in Cu, with an average of 33 µg/g, but was enriched in Pb with an average of 42 µg/g, and its content was much lower than most parts of Southwest China and the Leping coalfield of Jiangxi [20] [21] [22] [23] , and by contrast, much higher than some other parts of China (Table 2 ). Cu and Pb contents were high in 4-1 and 4-4. As shown in Table 2 , only Si and Al contents were higher and had a similar change tendency with Cu content in the section, and Cu was distinctly related to A d % and Kalium ( Table 3 ). The results show that the Cu in No. 4 coal probably mainly occurs in the form of aluminosilicate adsorption. In addition, Cu-bearing minerals, observed by microscope, and sulfide, which had a slight positive correlation with Cu, were the carriers of Cu, but the organic Cu content was limited. Different from Cu, Pb had the highest content in sample 4-r, but the content variation and correlation characteristics of the Pb, Al, Si, K elements and A d % (Table 3 ) in all the lower layers were the same as Cu, indicating that Pb mainly occurs in the form of aluminosilicate adsorption. Pyrite was observed in the top and bottom layers of coal, and the test results also showed that Pb content in 4-1 was higher than the other layers ( Table 2) , confirming that Pb tends to occur in sulfide. However, the analysis of sulfur in No. 4 coal showed that sulfide content was not stable, and the organic sulfur content in the samples 4-2 to 4-7 layer was, conversely, more stable (Table 1) . To summarize, Pb in No. 4 coal could have a higher correlation coefficient with organic sulfur, meaning the likelihood of occurrence in organic complexes is greater, and these results could be used to explain the high sulfide sulfur content but and lowest Pb content in 4-7.
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19 of 22 more stable (Table 1) . To summarize, Pb in No. 4 coal could have a higher correlation coefficient with organic sulfur, meaning the likelihood of occurrence in organic complexes is greater, and these results could be used to explain the high sulfide sulfur content but and lowest Pb content in 4-7. 
Conclusions
The Cu content in each coal layer in the south of the Jungar coalfield is between 12 and 69 μg/g. The No. 6 coal from the Taiyuan formation is characterized by relatively enriched Cu, 55 μg/g on average, which is distributed uniformly in a vertical direction, compared with depleted Cu, at 33 μg/g on average, in the No. 4 coal from the Shanxi formation. The Pb content in each coal seam is between 13 and 58 μg/g, which are both enriched in the No. 6 and No. 4 coal, at 20 μg/g and 42 μg/g, respectively, on average, but are vertically unevenly distributed.
In the No. 6 coal, Cu mainly exists in the form of organic complexes, adsorption state of aluminosilicate minerals, and copper-bearing minerals, and Pb in No. 6 coal mainly exists in the form of the adsorption state of aluminosilicate minerals, sulfides, and organic complexes. In No. 4 coal, Cu mainly occurs in the form of the adsorption state of aluminosilicate minerals, copper-bearing minerals, sulfides, and a small number of organic complexes. Pb mainly occurs in the form of the adsorption state of aluminosilicate minerals, organic complexes, and sulfides.
Primary and epigenetic sedimentary environments and the supply and lithology of terrigenous rocks are the main influencing factors of the occurrence forms and enrichment causes of Cu and Pb in coal. Under the same terrigenous rock conditions, the influence of the depositional environment 
The Cu content in each coal layer in the south of the Jungar coalfield is between 12 and 69 µg/g. The No. 6 coal from the Taiyuan formation is characterized by relatively enriched Cu, 55 µg/g on average, which is distributed uniformly in a vertical direction, compared with depleted Cu, at 33 µg/g on average, in the No. 4 coal from the Shanxi formation. The Pb content in each coal seam is between 13 and 58 µg/g, which are both enriched in the No. 6 and No. 4 coal, at 20 µg/g and 42 µg/g, respectively, on average, but are vertically unevenly distributed.
Primary and epigenetic sedimentary environments and the supply and lithology of terrigenous rocks are the main influencing factors of the occurrence forms and enrichment causes of Cu and Pb in coal. Under the same terrigenous rock conditions, the influence of the depositional environment on Cu was more obvious than on Pb. On the contrary, terrigenous rock has a greater influence on Pb than Cu under a similar depositional environment.
